Potentiometric characterization of protonation/deprotonation equilibria in aqueous colloids (Chapter 4) by Csákiné Tombácz, Etelka et al.
In: Titration ISBN: 978-1-53614-335-5 
Editor: Tanvi Lavanya Joshi © 2018 Nova Science Publishers, Inc. 
 
 
 
 
 
 
Chapter 4  
 
 
 
POTENTIOMETRIC CHARACTERIZATION  
OF PROTONATION/DEPROTONATION 
EQUILIBRIA IN AQUEOUS COLLOIDS 
 
 
Etelka Tombácz1,*, Márta Szekeres1, Ildikó Y. Tóth2, 
Dániel Nesztor1, Erzsébet Illés3 and Tamás Szabó3 
1Department of Food Engineering,  
University of Szeged, Szeged, Hungary 
2Department of Applied and Environmental Chemistry,  
University of Szeged, Szeged, Hungary 
3Department of Physical Chemistry and Materials Science,  
University of Szeged, Szeged, Hungary 
 
 
ABSTRACT 
 
One of the basic surface charge formation mechanisms is the proton 
association/dissociation or protonation/deprotonation. This charging 
mechanism is characteristic for sparingly soluble metal oxides, clay 
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minerals, polyelectrolytes with acidic or basic functional groups, e.g., 
polyacrylic acid, humic acids, and proteins. Since the sign and density of 
charge formed in the protonation/deprotonation process vary with the pH 
and ionic strength of the medium, these are called variable or pH-
dependent charges. The potentiometric acid-base titration is the most 
common method to quantify them experimentally. According to the 
adsorption model, the difference between the amount of protons/hydroxide 
ions added, and that experimentally determined in the course of acid-base 
titrations corresponds to the amount of protons/hydroxide ions consumed 
in the protonation/deprotonation reaction that generates the charge of 
colloids. Both the magnitude and the sign of surface charge can be derived 
directly from this difference based on proton material balance equation. 
The pH- and ionic strength dependent dissociation degree of 
polyelectrolytes can also be calculated directly. The experimental data can 
be successfully fitted with surface complexation models (SCMs).  
The method of experimental proton concentration determination in an 
arbitrary aqueous colloid is based on the assumption that the ionic strength 
in medium corresponds to that of a reference background electrolyte 
solution. The virtual proton activity in this case would be identical in the 
aqueous colloid and its background electrolyte solution, and there is no 
need to determine its exact value. The practical linear relationship between 
effective proton concentration and proton activity (10–pH) is similar to that 
in the Gran plot method of equivalence point determination. Besides, it is 
an excellent means of testing the performance of pH electrode. The linear 
relationship should hold also around neutral pHs for a well-conditioned 
electrode. This test is found to be more sensitive than the customary buffer 
calibration method, which gives an impression of the deviation of the 
electrode response from the Nernstian slope and the correlation coefficient 
of the linear fit to 3-5 experimental pH buffer readings. In practice, we 
suggest a double calibration method, first to calibrate pH scale with buffers 
(secondary standards), second to calibrate the proton concentration in 
background electrolyte titration throughout the pH range. The protonation/ 
deprotonation equilibria of aqueous colloids titrated under the same 
condition can be characterized using only material balance equations 
assuming that proton concentration in the dispersion medium change only 
due to the interfacial protonation/deprotonation processes. We applied this 
double calibration method for the accurate characterization of pH-
dependent charging of metal oxides, clay minerals, synthetic and natural 
acidic nanoparticles, and polyelectrolytes in aqueous media. We present a 
few examples of the experimental results obtained for magnetite, 
montmorillonite, graphite oxide, graphene oxide, humic acid, and 
polyacrylic acid in comparison with the SCM fitting results for magnetite, 
montmorillonite, and polyacrylic acid.  
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INTRODUCTION 
 
Charging phenomenon is general in aqueous colloids, such as 
nanoparticles dispersed in electrolyte medium or polyelectrolytes (ionic 
macromolecules) and ionic micelles (supramolecular assemblies) dissolved 
in water. Charged interfaces form in the latter even if these colloids do not 
have a physical surface like metal oxide and clay particles. The persistent 
charge separation at interfaces is the result of interfacial accumulation of 
ions according to chemical association/dissociation equilibria except for 
permanent charges embedded in the crystal structure of e.g., clay particles. 
A local electrostatic field is created, which counteracts further charge 
separation. Thus, the equilibrium state of the resulting electrified interfaces 
is established by the parallel simultaneous action of chemical and 
electrostatic forces (Tombácz, 2002).  
One of the basic charge formation mechanisms is the proton 
association/dissociation, i.e., protonation/deprotonation. This charging 
mechanism is characteristic for sparingly soluble metal oxides and 
hydroxides, clay minerals, polyelectrolytes with acidic or basic functional 
groups, humic acids, graphene oxides, and proteins. The sign and density of 
charges formed in the protonation/deprotonation process vary with the pH 
and ionic strength of the medium (James and Parks, 1982; Borkovec et al., 
2001; Tombácz, 2002). The most common experimental method to 
determine the charging of the above materials, i.e., surface charge density of 
particles or ionization degree of functional groups is potentiometric acid-
base titration. According to the proton material balance, the difference 
between the amount of protons added, and that experimentally determined 
in the course of acid-base titrations corresponds to the amount of protons 
consumed in the protonation and deprotonation reactions, i.e., SOH + H+ 
SOH2+ and SOH  SO- + H+ (or SOH + OH-  SO- + H2O), respectively. 
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Surface charge density and the sign of surface charge are derived directly 
from this difference, based on proton material balance equation and Faraday 
constant.  
The protonation/deprotonation equilibria can be calculated using only 
material balance equations assuming that proton concentrations change only 
due to the protonation/deprotonation. Calculation is based on the well-
known equation of adsorption from dilute solutions, introduced by Everett 
(1986). According to this, the specific surface excess amount ni of solute i is 
given by the difference in the initial (ci,0) and equilibrium (ci,e) 
concentrations in the solution, i.e.,  
 
𝑛𝑖
𝜎 =  
𝑉(𝑐𝑖,0− 𝑐𝑖,𝑒) 
𝑚
 (1) 
 
where V is the volume of the liquid phase, and m is the mass of the adsorbent. 
The surface excess concentration of i is i = ni/as, where as is the specific 
surface area of the adsorbent. In case of surface protonation/deprotonation, 
the net specific surface proton excess (nH+,OH−) is the sum of the specific 
surface excess amounts of H+ and OH− including sign:  
 
nH+,OH− = nH+ − nOH−  (2) 
 
where nH+ = nSOH2+ and nOH− = nSO−, if surface site SOH is both 
protonable and deprotonable. In this case, surface charge density (0,H) of 
solid (e.g., metal oxides) can be directly calculated (Lyklema, 1991):  
0,H = F(H+ − OH−), where F is the Faraday constant. If polyelectrolytes 
with acidic and/or basic functional groups, such as -NH2 and -COOH (e.g., 
of proteins) are involved in protonation (-NH2 + H+ -NH3+) and 
deprotonation (-COOH + OH-  -COO- + H2O) processes, nH+ = nNH3+ 
and nOH− = nCOO− can be identified.  
In order to convert titration results into charging characteristics, i.e., 
either surface charge density of particles dispersed or dissociation/ionization 
degree of polyelectrolytes dissolved in water, in general, two sets of 
experimental conditions have to be inspected critically.  
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 One set of conditions concerns proton equilibria in the measuring 
system: linear response of the measuring system to pH, and accurate 
knowledge of proton concentration via the measured pH values and 
actual H+/OH-activity coefficients all over the experimentally 
relevant pH-range. 
 The second set of conditions concerns proton equilibria in the 
sample. Proton consumption in a titration experiment may be 
identified as surface charge formation, only if there are no any other 
processes with participation of H+/OH--ions. Proton-involving 
processes, which interfere surface charging may be for example 
dissolution of the solid, presence of acidic/basic impurities or 
specific ions in solution, and presence of energetic barriers, such as 
narrow pore entries may also hinder protonation/deprotonation. 
 
We have presented a protocol for pH-dependent charge characterization 
of metal oxides together with examples of application (Szekeres and 
Tombácz, 2012). The protocol leads through the steps of pH buffer 
calibration, proton concentration calibration in the background electrolytes, 
titrations of oxides, and the necessary tests to exclude artificial side effects 
from the measurement of pH as well as from the simultaneous acid/base 
processes at the oxide/electrolyte interface. The effects of impurities, such 
as free acid or specifically adsorbing anions, and dissolution of the oxides 
are discussed in detail. This method was applied successfully to characterize 
the pH-dependent charges of clay particles having permanent negative 
charges as well. The acid–base titration data were evaluated by ﬁtting of 
potentiometric data measured between pH 4 and 9 using FITEQL (Herbelin 
and Westall, 1996). A surface complexation model assuming ion exchange 
on faces, and protonation/ deprotonation processes at edges in the negative 
local electrostatic ﬁeld emanating from the particle face were introduced 
(Tombácz et al., 2004; Tombácz and Szekeres, 2006). pH- and ionic strength 
dependent charging of magnetic nanoparticles, and a poly(carboxylic acid) 
were studied to design biocompatible coating shell (Tóth et al., 2012), then 
the core-shell products were also characterized by the developed 
potentiometric method (Tombácz et al., 2016).  
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Charging and the formed local electric field are the most fundamental 
reasons for adsorption, aggregation, and colloidal stability in aqueous 
systems. Thus, surface charging properties have outstanding practical 
importance in technological, environmental, and even biological processes. 
Modification of surface charging in terms of both its magnitude and sign is 
one of the basic methods applied in technology, nanotechnology, and 
nanobiotechnology. 
In this chapter we present the double, i.e., the pH and H+-ion 
concentration calibration method, we explain its benefits, and draw attention 
to its limitations, and we show several examples for its application in order 
to the accurate characterization of pH-dependent charging of colloidal units 
(nano-sized entities) in aqueous media.  
 
 
METHOD 
 
Equilibrium titration (experimental details published (Szekeres and 
Tombácz, 2012)) employed a self-developed titration system (GIMET1), 
665 Dosimat (Metrohm) burets, a magnetic stirrer, a high performance 
potentiometer with pH preamplifier (made in Department of Experimental 
Physics, University of Szeged, Hungary), a pH electrode (OP-0808P 
Radelkis Ltd., Hungary), and a homemade software to control the titration 
process. A CO2-free condition was provided by nitrogen bubbling. Purified 
water from MilliQ RG system (Millipore) was used after intensive boiling 
for perfect CO2 removal. Carbonate-free base solutions were prepared after 
rinsing the KOH or NaOH pellets three times with CO2-free purified water. 
The absence of carbonate was tested with hydrazine sulphate (analytical 
grade) titration. The base titrants were standardized using benzoic acid 
(analytical grade) solution, and they were used right away to standardize 
acid titrants. The measuring system was calibrated for both pH and H+/OH- 
ion concentration. All titrations were carried out under programmed stirring 
and N2 bubbling (Nitrogen 4.5 from Messer, min. 99.995% purity, no CO2 
content). Washing bottle containing CO2 free MilliQ water was used to wet 
the N2 gas, and minimize volume errors due to bubbling. Three buffer 
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solutions (secondary buffers, Radelkis, Hungary) were used to check the 
Nernstian response of the pH electrode. The experimental activity 
coefficients of H+/OH- ions were determined from the background 
electrolyte titration at each ionic strength. 
 
 
Calibration of pH Scale 
 
Charge formation of aqueous colloids depends on pH- and ionic 
strength. In fact, the thermodynamic proton activity controls this process, 
only if the relation of measured pH to thermodynamic proton activity is 
standardized, which is ensured, in principle, by using buffer calibrations. 
The substitution of pH for lg aH+ is correct, strictly speaking, only when the 
measured pH can be traced back to proton activity. IUPAC recommendation 
(Buck et al., 2002) provides the opportunity of tracing back pH 
experimentally to aH+. Thus, Nernst equation dictates the linear dependence 
of cell potential (E, electromotive force) not only on lg aH+ but also on pH. 
Customary pH buffer calibrations translate measured cell potentials into 
universal pH values (Ecell = const pH as seen in Figure 1), and by this the 
pH scale is standardized.  
 
 
Figure 1. Calibration with buffer solutions (secondary standards pH = 3.000.01, 
7.000.01, and 9.000.01 at 25°C) for pH measurement. 
Complimentary Contributor Copy
Etelka Tombácz, Márta Szekeres, Ildikó Y. Tóth et al. 152 
Figure 1 shows the calibration curve for a combined pH glass electrode 
(OP-0808P). At the temperature 25°C, the theoretical Nernstian slope is 
59.16 mV/pH unit, from which the deviation of our experimental slope is 
less than 1%. The electrode performance was considered acceptable, if the 
slope of the mV vs. pH plot is not smaller than 95% of the Nernstian 
(Application Bulletin 271/4 e). 
 
 
Calibration of Proton Concentration  
 
Surface charge density (i.e., the net surface proton excess amount) can 
be calculated directly from bulk proton concentrations, which must be 
determined using the only measurable parameter, pH. According to the 
commonly accepted and frequently applied method, cH+ calculation starts 
with definition of the measured pH as pH = – lg aH+, then calculating the 
activity coefficient of protons, H+ according to one of the model-dependent 
equations (e.g., Debye-Hückel, Davies, Pitzer, and other models), finally 
applying it in the relation cH+ = aH+ / H+. Instead, we trace back measured 
pH values to proton concentrations by the help of an experimentally 
measurable conversion factor, i.e., the so-called practical, or operational 
activity coefficient. There is a thermodynamically correct way to determine 
cH+, in which the measured cell potentials are directly related to proton 
concentrations. Titrations of strong acids with strong bases (both are 
standardized) in the presence of background electrolyte provide the 
appropriate factor for calculation of cH+, since 10
-pH vs. cH+ plot has to be 
linear in principle, if its response to proton activity is linear, and also if the 
proton activity coefficient is constant. If the electrode response to the 
thermodynamic proton activity is not linear, then purification and activation 
of the glass electrode is necessary to restore its Nernstian behavior.  
Since the sign and density of charges formed in the protonation/ 
deprotonation process depends on not only the pH but also ionic strength of 
the medium, proton concentration calibrations have to be measured for 
different background electrolyte concentrations. The lowest electrolyte 
concentration was chosen as 0.005 M, ensuring that the ionic strength (I) 
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remained practically constant during the titrations. At the frequently used 
0.001 M concentration, for example, the ionic strength changes by 100% 
during titrations between pH 3 and 11, while at 0.005 M, the same change is 
only 20%. Unfortunately, we also applied 0.001 M in our earliest works, 
which we have revised later on.  
The actual proton concentration (cH+,OH- ≡ cH+ – cOH-) was calculated at 
each titrant dose according to the equation:  
 
𝑐𝐻+,𝑂𝐻−  =
(𝑐𝐻+,0  ∑ 𝑉𝐻+,𝑖𝑖  − 𝑐𝑂𝐻−,0  ∑ 𝑉𝑂𝐻−,𝑖𝑖 )
(𝑉0+ ∑ 𝑉𝐻+,𝑖𝑖  + ∑ 𝑉𝑂𝐻−,𝑖𝑖 )
 (3) 
 
where cH+,0 and cOH-,0 are the concentrations of the acid and base titrants, 
VH+,i and VOH-,i are the volumes of the i-th dose of acid and base titrants, and 
V0 is the volume of the background electrolyte.  
The values of pH in the acidic part (at (cH+ – cOH-) > 0), and pOH in the 
basic part (at (cH+ – cOH-) < 0) of the titration curves were calculated from 
the measured cell potentials using the buffer calibration functions Ecell = 
f(pHbuffer) and pKw = 14 (at 25 oC). The proton concentration calibrations are 
the plots of 10-pH and 10-pOH vs. (cH+ – cOH-), as presented in Figure 2. The 
math behind the plots is similar to that of the well-known Gran method 
derived for equivalence point determination in titrations of weak acids and 
bases (Gran, 1950). The plots of 10-pH and 10-pOH vs. (cH+ – cOH-) of the 
titrations of strong acids and bases are linear both before and after the 
equivalence point. The exact concentration of the base titrant (cOH-,0) is 
determined in every calibration experiment by finding the value of Σi VOH-,i 
at (cH+ – cOH-) = 0. The concentration of the acid titrant is determined 
(directly, e.g., by means of KHCO3) after the preparation, and considered as 
constant for sufficiently long period.  
The acidic and basic sides of the titrations are clearly separated in the 
proton concentration calibration plots (Figure 2). The slopes, Sa in the acidic 
and Sb in the basic sides, represent the actual response of the electrode to 
proton and hydroxide ion concentrations. We have designated these slopes 
in our previous publications (Tombácz and Szekeres, 2001; Illés and 
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Tombácz, 2003; Tombácz et al., 2004; Tombácz and Szekeres 2004) as 
actual activity coefficients. Sa and Sb vary clearly with ionic strength. 
The electrode response is nearly symmetrical in KCl (Figure 2a), but not 
in NaCl (Figure 2b). In the case of KCl, the positive and negative sides 
decreased symmetrically (10-pH and 10-pOH in Figure 2a) by increasing ionic 
strength. The activity coefficients of proton vary with ionic strength, which 
can explain the decrease in the measured cell potentials. In addition, non-
specific (physical) charge screening effect plays a role, also depressing the 
surface potential (and cell potential) with increasing ionic strength. The 
effect is symmetric, because there is no specific effect of either K+ or Cl- to 
the surface of the glass electrode. On the contrary, Na+ has a high chemical 
affinity to the glass electrode commonly known as sodium error, and its 
specific (chemical) adsorption increases the positive cell potential (acidic 
side), and decreases the negative cell potential (basic side), seen in Figure 
2b. The ion specific effect dominates over charge screening. Consequently, 
the varying slopes reflect the sensitivity of the given electrode to protons (or 
hydroxide ions) under the actual solution conditions. Note that the 
indifferent or specific feature of the background electrolyte ions affects the 
proton-equilibria of the sensor system (glass electrode) fundamentally, in 
parallel with its well-known effect on the protonation of the solid surface 
(e.g., metal oxides as shown in (Szekeres and Tombácz, 2012)). 
The response of glass electrodes is often not as perfect as seen above. 
The most typical deviations of proton concentration calibration plots from 
linearity have been analyzed (Szekeres and Tombácz, 2012). The V-shape 
curves become flattened, if the sensitivity of an electrode decreases around 
neutral pH, which is common deviation especially in sodium salt solutions 
even upon proper handling and activation, caused by specific fouling of the 
electrode. In practice, the electrode performance is correct when the proton 
concentration calibration plots are linear as in Figure 2, so that activation 
and cleaning must be repeated until the correct response is achieved. We 
should note that proton concentration calibration is a much more sensitive 
test of the optimal state of the electrode, than buffer-calibration, because the 
entire measurement range is tested. Malfunctioning of the electrodes is not 
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always detectable in the pH buffer calibrations as previously demonstrated 
(Szekeres and Tombácz, 2012). 
 
 
Figure 2. Background electrolyte titration for proton concentration calibration plots in 
KCl (left) and NaCl (right) electrolytes ( – 0.005 M,  – 0.05 M,  – 0.5 M) 
(Szekeres and Tombácz, 2012). 
 
Measuring pH-Dependence of Protonation/Deprotonation 
Degree  
 
We suggest an essentially model-independent procedure for 
determination of protonation/deprotonation equilibria in aqueous colloids. 
Instead of the notional definitions pH = −lg aH+ or pH =−lg cH+ and the extra-
thermodynamic activity coefficient H+, commonly applied in literature, we 
use only material balance equations, and assume that proton concentrations 
change only due to protonation/deprotonation equilibria of colloidal entities. 
This model-independent approach relies fully on the double calibration 
method, which enables us to assign exact proton concentrations to the 
measured cell potentials in the aqueous colloids via the plots of proton 
concentration calibration. It is useful to make clear distinction between pH 
buffer and proton concentration calibrations. In the first, the response of the 
electrode to the universal pH scale is measured, ensuring the uniformity of 
the experimental pH scale among titrations performed in different 
laboratories. In the second, the response of the electrode to the known proton 
concentrations is measured, ensuring proton concentration determination in 
 
Sb Sb Sa Sa 
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the sample solutions, i.e., in the medium of the metal oxide, clay mineral or 
graphene oxide dispersions, and humic acid or polyelectrolyte solutions. 
The net specific surface proton excess nH+,OH− defined in Eq.(2) can 
be calculated analogously to the Eq. (1) at each point of the titration as  
 
𝑛𝐻+,𝑂𝐻−
𝜎 =  
𝑉𝑡𝑜𝑡𝑎𝑙(𝑐𝐻+,𝑂𝐻−,0− 𝑐𝐻+,𝑂𝐻−,𝑒) 
𝑚𝑐𝑜𝑙𝑙𝑜𝑖𝑑
 (4) 
 
The value of cH+,OH-,0 results from titrant additions, and it is calculated 
according to Eq. (3). The value of cH+,OH-,e is calculated using the Sa and Sb 
factors (actual activity coefficients) from the proton concentration 
calibration plots (Figure 2) as 
 
𝑐𝐻+,𝑂𝐻−,𝑒 =  
10−𝑝𝐻
𝑆𝑎
 and 𝑐𝐻+,𝑂𝐻−,𝑒 =  
10−𝑝𝑂𝐻
𝑆𝑏
 (5) 
 
We prefer to use the values of net specific surface proton excess per unit 
mass of the colloid (nH+,OH−, mmol/g). In case of a metal oxide, surface 
charge density can be calculated as 0,H = F(H+ − OH−) (Lyklema, 1991), 
if a number of rigorous conditions are fulfilled as it has been explained in 
detail (Szekeres and Tombácz, 2012). In case of other colloids with 
acidic/basic functional groups, the dissociation degree of polyacrylic acid 
(Hajdú et al., 2012), the amount of acidic groups of humic acids (Tombácz 
et al., 2001), graphene oxides (Whitby et al., 2012), etc. can be calculated. 
Finally, we emphasize that background electrolyte titrations allow the 
calculation of exact proton concentration in colloid systems as well, if it is 
possible to use the same constant slope of the activity vs. concentration 
linear functions. Its applicability requires the fulfillment of following basic 
conditions:  
 
 The ionic strength and the ionic composition of the calibration and 
sample solutions must be the same. For example, for a suspension 
of a metal oxide colloid in an aqueous KCl electrolyte of c = 0.1 
mol/L, the proton concentration calibration experiment must be 
performed in 0.1 mol/L concentration of KCl solution.  
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 The presence of the colloids should not influence the concentration 
(except for the protonation/deprotonation reaction itself) and the 
activity coefficient of protons. Since in most cases the dilute  
systems are titrated, this condition may be regarded as generally 
fulfilled. 
 The state of the pH-measuring cell (electrodes and sample) must be 
optimal both in the calibration and the colloid measurements. This 
must be tested frequently, since the pH sensitive glass electrodes get 
contaminated easily during colloid titrations, resulting in the loss of 
sensitivity. As is known, this is often the case in protein titration, the 
electrode of which can be regenerated by pepsin containing 
solutions. Performing background electrolyte titrations before each 
colloid titration would be ideal, but it would unnecessarily increase 
the time of experiments. According to our practice, background 
electrolyte titrations must be performed once a day at least. 
Activation and/or cleaning of the electrodes (according to the 
protocols provided by the electrode producers) are necessary, 
whenever the calibration plots are not linear in the whole range of 
pH. The activity vs. concentration plots, that are flattened in the 
vicinity of neutral pH and/or bend down at extreme pHs, indicate 
the loss of electrode sensitivity.  
 
The first two conditions are generally recognized; however, the 
condition of the optimal state of the measuring cell, on the contrary, 
unfortunately is not even mentioned, and certainly not controlled in many 
experiments published. 
 
 
EXAMPLES 
 
Metal Oxides: Synthetic Magnetite Nanoparticles 
 
Magnetite (Fe3O4) nanoparticles were synthesized by alkaline 
hydrolysis of iron(II)- and iron(III)-salts (Tombácz et al., 2007). The surface 
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of nanoparticle is covered by hydroxyl groups coordinated to the underlying 
Fe atoms (Fe-OH sites). These chemically reactive surface groups are 
exposed to an aqueous solution, the surface becomes charged due to surface 
chemical reactions with H+/OH--ions (Tombácz, 2002), which obviously 
depend on pH. The pH-dependence of the net proton surface excess amount 
of magnetite, measured by potentiometric acid-base titration can be seen in 
Figure 3. The reversibility of forward and backward titration was excellent. 
Below pH~4 and above pH~10, dissolution of the amphoteric solid may 
occur. 
 
 
Figure 3. Net proton surface excess amount of magnetite as a function of pH at 
different NaCl concentrations. The points were calculated from the material balance of 
H+/OH– in the course of equilibrium acid-base titration. The common intersection 
point of curves can be identified as point of zero charge (PZC). The continuous lines 
were numerically fitted using FITEQL (constant capacity model, C = 1.6 F/m2). The 
calculated equilibrium constants are log 𝐾𝑎,1
𝑖𝑛𝑡 = 6.6 ± 0.1 and log 𝐾𝑎,2
𝑖𝑛𝑡  = –9.1 ± 0.1 
(Tombácz et al., 2007). 
The pH- and ionic strength-dependent surface charge formation process 
can be described by various model approximations, the site-binding 
electrostatic or surface complexation models (SCMs) models being the most 
widely accepted (James and Parks, 1982; Borkovec et al., 2001]. 
The following reactions represent the charge formation on the magnetite 
surface: 
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Fe-OH + H+  Fe-OH2+     𝐾𝑎,1
𝑖𝑛𝑡 =  
[𝐹𝑒𝑂𝐻2
+]
[𝐹𝑒𝑂𝐻][𝐻+]𝑠
  (6) 
 
Fe-OH  Fe-O– + H+     𝐾𝑎,2
𝑖𝑛𝑡 =  
[𝐹𝑒𝑂−][𝐻+]𝑠
[𝐹𝑒𝑂𝐻]
 (7) 
 
where 𝐾𝑎,1
𝑖𝑛𝑡 and 𝐾𝑎,2
𝑖𝑛𝑡 are the invariant intrinsic equilibrium constants; the 
brackets mean the activity of the species. The activity coefficients of surface 
species are assumed to be equal to unity. The activity of surface protons 
[H+]s is corrected for the energy expended in moving them from the bulk 
phase (infinite distance from the surface) to the charged surface (at distance 
zero), where the reaction occurs. [H+]s can be expressed in terms of the bulk 
solution hydrogen ion activity, [H+]: 
 
[H+]s = [H
+]exp (
e0
kT
) (8) 
 
where e0 is the electric potential energy (e is the electron charge), and kT 
is the thermal, kinetic energy (k is the Boltzmann constant, T is the 
temperature). The intrinsic equilibrium constants were calculated using the 
numerical data-fitting program FITEQL (Herbelin and Westall, 1996.) An 
example of the quality of the fitting of curves optimized by FITEQL using 
the constant capacity model approach, and the experimental points 
calculated on the basis of material balance of added H+/OH– is shown in 
Figure 3. 
 
 
Clay Minerals: Natural Montmorillonite Nanoparticles 
 
Montmorillonite is a 2:1 layer silicate (1 octahedral alumina sheet 
sandwiched in 2 tetrahedral silica sheets). The main contribution to the 
surface charge of montmorillonite lamellae is from the permanent negative 
charges on the basal planes due to the isomorphic substitutions of the central 
Si and Al-ions in the crystal lattice for ions of lower positive valence (Van 
Olphen, 1963). This excess of negative lattice charge is compensated by the 
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exchangeable cations. Additional polar sites, mainly octahedral Al-OH and 
tetrahedral Si-OH groups, are situated at the broken edges and the exposed 
hydroxyl-terminated planes of clay lamellae (Van Olphen, 1963). Charges 
can develop at these amphoteric surface sites by direct proton transfer from 
aqueous phase depending on the pH.  
To date, potentiometric titration is still a main approach to study the 
surface acid-base chemistry of clay minerals. The initial state of 
montmorillonite can be hardly defined because of ion-exchange. The Na-ion 
exchanged montmorillonite suspension was dialyzed against 0.01 M NaCl, 
to that used in the titrations. The higher electrolyte concentration of medium 
was reached by adding NaCl. The acid-base titration data exhibit unusual 
characteristics (Figure 4) as compared to the curves in Figure 3 usually 
obtained on metal oxides. The reversible net proton surface excess curves at 
different ionic strengths never intersect, no any common intersection point 
such as PZC in the case of oxides (Figure 3) can be identified, and the extent 
of proton accumulation on the surface of the solid being always greater at 
lower ionic strength as seen in Figure 4.  
The evaluation of potentiometric data measured in the reversible cycles 
of acid-base titration at different ionic strengths allows us to calculate the 
pH-dependent charging of amphoteric edge sites besides the Na+/H+ ion 
exchange process taking place on permanent charge sites of lamellae. We 
chose a simple model approach using the principles of surface complexation 
modeling (SCM) (Tombácz et al., 2004; Tombácz and Szekeres, 2004). It 
was assumed that ion exchange on the particle face and 
protonation/deprotonation processes at edges take place simultaneously in 
the negative electrostatic field emanating from the particle face. The 
exchange process for H+ and Na+ ions can be written as 
 
NaX + H+  HX + Na+ (9) 
 
where X- is the solid matrix with permanent negative charges. 
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Figure 4. Experimental points of net proton surface excess amounts from the reversible 
backward titration cycles of Na-montmorillonite at different NaCl concentrations. The 
different lines represent the results of numerical fitting by FITEQL (Herbelin and 
Westall, 1996) using diffuse double layer (DL) option of surface complexation model 
(SCM) assuming reactions of H+ and Na+ ions with permanently charged ion exchange 
sites (log KH+= 8.77 and log KNa+= 0.78) in parallel with the protonation and 
deprotonation reactions on amphoteric edge sites (log 𝐾𝑎,1
𝑖𝑛𝑡= 5.1 ± 0.1 and log 𝐾𝑎,2
𝑖𝑛𝑡= -
7.9 ± 0.1, respectively) (Tombácz et al., 2004). 
This cation exchange reaction can be incorporated into surface 
complexation model, if X- is defined as a negatively charged surface site on 
which the following surface reactions take place, and intrinsic equilibrium 
constants (Ki
int) can be defined: 
 
X- + H+  HX        KH
int =  
[HX]
[X−][H+]s
  (10) 
 
X- + Na+  NaX    𝐾𝑁𝑎
𝑖𝑛𝑡 =  
[𝑁𝑎𝑋]
[𝑋−][𝑁𝑎+]𝑠
  (11) 
 
The protonation and deprotonation reactions similar to that in Eqs (6) 
and (7) were defined only on the amphoteric Al-OH sites of edges, since 
Si-OH sites of broken edges are not relevant in forming positively charged 
patches on lamellae, considering that only negative charges can be 
developed on silica surface above pH ~4 (James and Parks, 1982). The effect 
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of local electrostatic field with potential 0 (<0) was considered both for H+-
ions (Eq. (8)) and Na+-ions in surface layer: 
 
[𝑁𝑎+]𝑠 = [𝑁𝑎
+]exp (
𝑒0
𝑘𝑇
) (12) 
 
 
Graphite Oxide Nanoparticles 
 
Graphite oxide (GO) is an intermediate oxidation product of graphite. It 
is a non-stoichiometric material, in which the lamellar structure of graphite 
is conserved, but its polyaromatic character is lost due to chemisorption of 
different oxygen-containing functional groups (C–OH, COOH, etc.) (Clauss 
et al., 1957; Scholz and Böhm, 1969; Nakajima and Matsuo, 1994; Lerf et 
al., 1997). The GO surface is inherently heterogeneous in a chemical point 
of view, the ionizable groups located in different parts of GO lamellae (e.g., 
enolic/phenolic groups of basal planes, or COOH groups at the edges of the 
layers) are in different environments at molecular level, and their surface 
coverage varies with the degree of oxidation (Hontoria-Lucas et al., 1995; 
Szabó and Berkesi et al., 2006). 
The pH-dependent dissociation of acidic functionalities on GO at 
different ionic strengths has been studied (Szabó and Tombácz et al., 2006). 
The net surface proton excess (nH+/OH-, Eq. (2)) is proportional to the 
dissociation/association of protons from/to dissociable surface groups in 
general. The negative net surface proton excess of organic acids is 
equivalent to the amount of negatively charged groups, i.e., OH- 
consumption in the deprotonation reaction of, e.g., carboxylic groups 
(negative net proton consumption): n vs. pH curves (also referred to as 
proton binding isotherms) are presented in Figure 5. Negative n values 
were measured in the entire pH range studied, which indicates net base 
consumption, i.e., release of protons of the acidic sites. The possible 
charging mechanisms of the GO surface are the following: 
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1. Deprotonation of carboxylic groups:  
 
C–COOH +H2O  C–COO- +H3O+, (13) 
 
2. Deprotonation of enolic and phenolic groups: 
 
>C=C-OH + H2O  >C=C-O-+H3O+ (14) 
 
Although the various acidic groups have different pKa values, an 
overlapping of their broad pKa distribution functions (due to the surface 
heterogeneity) is one of the probable reasons that no discrete inflection 
points appear on the surface charging curves (Strelko et al., 2002) The 
experimental fact that the measured proton binding curves depend on the 
ionic strength similarly to the metal oxides (as seen in Figure 3) provides a 
conclusive proof that the above reactions are exclusively responsible for the 
surface charge generation and base consumption, and no other reactions 
(e.g., neutralization of any acidic impurities) occur. It is explained in terms 
of basic charge-potential relationship for small potentials (|zeψ0/2kT|<1, 
ψ0<~25 mV): 
 
σ0 = ε0εrκψ0 (15) 
 
where σ0 is the surface charge density, ψ0 is the surface potential, ε0εr is the 
absolute and relative permittivity,  is the Debye-Hückel parameter linearly 
proportional to the ionic strength (I=1/2i cizi
2, ci (given in mol/l) and zi 
being the concentration and charge number of the ion i) of electrolyte 
solution, κ=3.288 (I)1/2 (1/nm), at 25oC in water (Tombácz 2002). As the 
surface potential (ψ0) is determined by the H+/OH- concentration (hence they 
are called potential-determining ions), it is constant at a given pH. Adding 
indifferent electrolyte (i.e., increasing the ionic strength) increases , and 
results in a simultaneous increase of the surface charge density (σ0, C/m2) 
caused by the adsorption/desorption of sufficient H+ ions to keep σ0 constant 
according to the Eq. (15).  
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Figure 5. Proton binding isotherms of a GO sample at different NaCl concentrations. 
(Szabó and Tombácz et al., 2006). 
It is worth summing up the main feature of the pH and ionic strength 
dependence of the net proton surface excess amounts of graphite oxide: 
higher densities of deprotonated surface sites (found in the alkaline region 
at higher salt concentrations) are explained by the influence of the 
decreasing H+ concentration on the interfacial acid–base reactions and the 
charge-screening effect of background electrolytes, respectively. We 
assume that the latter was caused by the relatively rigid multilamellar 
structure of GO, i.e., its particle like behavior. 
 
 
Graphene Oxides (Single-Layered Particles) 
 
Chemical exfoliation (by Hummers-Offeman method) of graphite to 
graphite oxide and then separation through sonication achieves single-layer 
graphene oxide (SLGO), in which the graphene layer is highly 
functionalized with O-containing groups leading to potential differences in 
their physicochemical behavior (Liu et al., 2008). Here the SLGO sample 
was purchased from CheapTubes Inc., and purified carefully. It was 
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dispersed then precipitated, and the sediment was washed with Millipore 
water until its dispersion. The procedure was repeated two times. Washing 
was repeated until negative chloride test with AgNO3 solution was obtained, 
and then freeze-dried (Whitby et al., 2012). 
The carefully purified SLGO sample was first titrated by base, followed 
by acid titration. In the absence of acid/base consuming impurities, the 
measured net proton consumption equals to the net proton surface excess 
amount, which is assigned to the pH-dependent surface charging; its sign 
indicates the sign of charges formed, and its absolute value equals to the 
specific amount of negatively charged acidic groups (Figure 6). 
 
Figure 6. pH-dependent protonation and deprotonation of acidic functionalities on 
SLGO measured by cyclic titration in the direction of increasing (up) and decreasing 
(down) pH at different ionic strengths. (Whitby et al., 2012). 
The increase in pH of the chemical environment leads to deprotonation 
of acidic functional groups as in the reactions (13) and (14). The main 
characteristics of the deprotonation are: (i) the curves are relatively 
featureless, characterized with slight bends at several locations; (ii) the 
original pH of the purified samples is around pH=3; (iii) the order of 
magnitude of the titratable groups (including carboxylic, lactone, and 
phenolic environments on the surface of carbons) in deprotonation at pH=10 
is 2.8–4 mmol/g, being one order of magnitude higher than that of common 
colloidal metal oxides (James and Parks, 1982) and similar to that of GO 
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(Figure 5) obtained by Brodie method, and common polyelectrolytes 
(Borkovec et al., 2001); (iv) there is a small but characteristic hysteresis 
between the up and down titration results obtained by the addition of base 
and acid titrants, respectively; (v) the ionic strength dependence is definite, 
but low. 
It is worth mentioning that the colloidal stability of SLGO in aqueous 
solutions is determined mainly by the negative surface charge forming in the 
deprotonation reactions, causing repulsion between SLGO sheets besides 
the hydration of the oxygen-containing groups. In contact with cations, the 
negative charge can be overcome causing precipitation of SLGO from its 
aqueous medium, known as salting out (Whitby et al., 2012). 
 
 
Humic Acids 
 
Humic substances (HS) are oxygen-rich, acidic, ubiquitous natural 
polymers (Schnitzer and Khan, 1972; Hayes et al., 1989). Their molecular 
structure is built up from carbon skeleton having aromatic and aliphatic parts 
(hydrophobic moieties), and mainly oxygen containing functional groups 
(reactive hydrophilic sites). Humic acids (HAs) are an alkaline-soluble 
fraction of HS, defined operationally as precipitated at pH 1.  
There are several methods to determine the acidity of HAs. One of them 
is the potentiometric acid-base titration (Schnitzer and Khan, 1972). It has 
been used in our laboratory for decades (Tombácz, 1999; Tombácz et al., 
2001). Here an example for the reversibility of the salt concentration 
dependent dissociation is shown. The net proton surface excess vs. pH 
curves representing the pH-dependent charging behavior of a purified HA 
sample extracted from Dopplerite (Wyoming) at various ionic strengths are 
seen in Figure 7.  
The main characteristics of the deprotonation feature of HA are very 
similar to that of SLGO, discussed above. Apart from that the gross charging 
curves of HA (Figure 7) suggest the presence of two separate dissociable 
groups, generally assigned to –COOH and phenolic –OH, respectively 
(Ritchie and Perdue, 2003). As we can estimate the pKa values of HA are in 
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the range of pH 4–6 (carboxylic groups) and at pH 10–11 (phenolic OH 
groups). The broad distribution of the pKa values is due to the differences 
in the local molecular environment of each acidic group. The most 
interesting similarity between the pH and ionic strength dependency of 
SLGO and HA charging is the small but characteristic hysteresis between 
the up and down curves, and the definite but low ionic strength dependence 
as well.  
 
 
Figure 7. pH-dependent dissociation of the acidic moieties of HA measured at different 
ionic strengths in the direction of increasing (up) and decreasing (down) pH. The sign 
indicates proton release, i.e., the formation of dissociated groups (negative charges). 
The ionic strength dependence of protonation/deprotonation of HAs has 
been studied in detail (Milne et al. 1995). The parallel shift in the curves is 
due to the increased electrostatic charge compensation caused by the 
increase in the concentration of background electrolyte. In general, the 
screening effect should also grow with increasing surface charge density, 
which is the case for titrations of metal oxide colloids and of common 
polyelectrolytes, comparing data at constant pHs (James and Parks, 1982; 
Borkovec et al., 2001). However, the pH-dependence of charge screening 
cannot be observed in the case of HA titrations, and it is also very weak in 
the SLGO titrations. The relative independence of charge screening on the 
surface charge density can be explained by the non-uniform charging of both 
materials due to their chemical heterogeneity. The probable reason of the 
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observed hysteresis is that conformational changes of the relatively rigid 
carbon skeleton are slow, and deprotonation from the originally more 
compact structure of HA and SLGO (weakly charged at low pH) is 
somewhat retarded as compared to the titration from opposite direction, i.e., 
the protonation of the originally open structure (highly charged at high pH) 
(Whitby et al., 2012). Contrary to oxides and polyelectrolytes, the local 
charge density of HA and SLGO can adjust to pH changes since, with 
opening of the skeleton with increasing pH, charges originally forming a 
local electrostatic double layer can move away from each other thus 
disrupting the continuous potential field. Electrostatic interactions 
influenced by pH and ionic strength of aqueous media play determining roles 
in the conformational changes of humic macroions, as well as in their 
colloidal stabilities and aggregations. 
Summing up the last three examples of synthetic or natural carbon 
derivatives, the common feature of net proton surface excess vs. pH curves 
is that they show a rising tendency above pH~10 as well, giving the 
impression that their deprotonation, i.e., the acidic dissociation continues. 
We should mention that the upward trend is more pronounced in case of 
several HA samples mainly that have labile structure, such as aquatic or peat 
humic and fulvic acids. These materials have ill-defined, composite 
molecular structure with alkaline sensitive functional groups like lactone, 
epoxide, amides, esters, etc., which hydrolyze at different reaction rate in 
alkaline media. The latter process involves alkaline consumption, but no 
charge formation.  
 
 
Polyacrylic Acids  
 
Polyelectrolytes with carboxylic moieties acquire charge due to the 
dissociation of carboxyl groups depending on pH and ionic strength. The 
latter can be characterized by potentiometric acid−base titration via accurate 
determination of the actual amount of dissociated groups as a function of pH 
and ionic strength. The net proton excess (on polyelectrolyte molecules) vs. 
pH function calculated from acid/base titrations reveals the H+ association/ 
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dissociation feature of a polyelectrolyte; namely, the sign of the net proton 
excess is the same as the charge of polyions, and its absolute value is 
proportional to the amount of protonated/deprotonated groups. In case of 
polyacrylic acid, only deprotonation reaction takes place, and so the sign of 
the net proton excess is negative, and its absolute values at each pH are equal 
to the amounts of dissociated carboxyl groups. The latter reaches a limiting 
value as seen in Figure 8, characteristic of the well-defined, chemically 
stable compound titrated here. 
The nominal value of the molar amount of carboxylic groups is 13.87 
mmol/g in polyacrylic acids (one COOH belongs to each acrylic acid unit in 
the polymer chain, molar mass of acrylic acid is 72.06 g/mol); and their 
experimental amount found in titrations is ~13.9 mmol/g (see the limiting 
values of net proton consumption at pH ~10). The difference between these 
values is less than 1%, which indicates the good quality of the substance and 
the goodness of the quantitative H+ analytics in our titration. The 
characteristic ionic strength dependence of polyacrylic acid dissociation is 
connected with its polymeric nature. This is the result of the local electric 
field around polyanion, and the charge screening effect of the indifferent 
background electrolyte, which can be described with different models 
(Borkovec et al., 2001). 
The intrinsic equilibrium constant of dissociation process:  
 
C–COOH +H2O  C–COO- +H3O+,  Ka
int =  
[≡C−COO−][H3O
+]s
[C−COOH]
  (16) 
 
was calculated using the numerical data-fitting program FITEQL (Herbelin 
and Westall, 1996.). The activity of surface protons [H+]s is corrected for the 
energy expended in moving them from the bulk phase (infinite distance from 
the surface) to the charged surface (at distance zero), where the reaction 
occurs. [H+]s can be expressed in terms of the bulk solution hydrogen ion 
activity, [H+], in Eq. (8). An example of the fitting optimized by FITEQL 
using the constant capacity model approach is shown in Figure 8. The 
computed curves fit well with the experimental points calculated on the basis 
of material balance of added H+/OH–.  
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Figure 8. pH-dependent dissociation of polyacrylic acid measured at different ionic 
strengths. The sign of net proton excess amounts indicates proton release, i.e., the 
formation of negatively charged dissociated groups. The points were calculated from 
the material balance of H+/OH– in the course of equilibrium acid-base titration. The 
continuous lines were numerically fitted (constant capacity model, C = 1.54 F/m2) 
using FITEQL (Herbelin and Westall, 1996). The calculated equilibrium constants are 
log 𝐾𝑎
𝑖𝑛𝑡 = 4.23 ± 0.11. 
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